Adult mice lacking functional GABAB receptors (GABAB1KO) have glucose metabolism alterations. Since GABAB receptors (GABABRs) are expressed in progenitor cells, we evaluated islet development in GABA B1KO mice. Postnatal day 4 (PND4) and adult, male and female, GABAB1KO, and wild-type littermates (WT) were weighed and euthanized, and serum insulin and glucagon was measured. Pancreatic glucagon and insulin content were assessed, and pancreas insulin, glucagon, PCNA, and GAD65/67 were determined by immunohistochemistry. RNA from PND4 pancreata and adult isolated islets was obtained, and Ins1, Ins2, Gcg, Sst, Ppy, Nes, Pdx1, and Gad1 transcription levels were determined by quantitative PCR. The main results were as follows: 1) insulin content was increased in PND4 GABAB1KO females and in both sexes in adult GABAB1KOs; 2) GABAB1KO females had more clusters (Ͻ500 m 2 ) and less islets than WT females; 3) cluster proliferation was decreased at PND4 and increased in adult GABAB1KO mice; 4) increased ␤-area at the expense of the ␣-cell area was present in GABAB1KO islets; 5) Ins2, Sst, and Ppy transcription were decreased in PND4 GABAB1KO pancreata, adult GABAB1KO female islets showed increased Ins1, Ins2, and Sst expression, Pdx1 was increased in male and female GABAB1KO islets; and 6) GAD65/67 was increased in adult GABA B1KO pancreata. We demonstrate that several islet parameters are altered in GABAB1KO mice, further pinpointing the importance of GABABRs in islet physiology. Some changes persist from neonatal ages to adulthood (e.g., insulin content in GABAB1KO females), whereas other features are differentially regulated according to age (e.g., Ins2 was reduced in PND4, whereas it was upregulated in adult GABAB1KO females). islet development; ␥-aminobutyrate acid B receptors; hormones; transcription factors BLOOD GLUCOSE LEVELS ARE MODULATED by circulating hormones and the autonomous nervous system. The glucagon-producing ␣-cells and insulin-producing ␤-cells in Langerhans islets are chemoreceptor cells, which act as an integrated system to control blood glucose homeostasis and are capable of extremely rapid responses to changes in circulating metabolites, such as glucose or amino-acids (27). In addition, hormone release from ␤-cells, as well as from the other islet cell types, is regulated by autocrine and paracrine interactions (3, 60) that include a variety of additional factors, such as ions (Zn 2ϩ , Ca 2ϩ
BLOOD GLUCOSE LEVELS ARE MODULATED by circulating hormones and the autonomous nervous system. The glucagon-producing ␣-cells and insulin-producing ␤-cells in Langerhans islets are chemoreceptor cells, which act as an integrated system to control blood glucose homeostasis and are capable of extremely rapid responses to changes in circulating metabolites, such as glucose or amino-acids (27) . In addition, hormone release from ␤-cells, as well as from the other islet cell types, is regulated by autocrine and paracrine interactions (3, 60) that include a variety of additional factors, such as ions (Zn 2ϩ , Ca 2ϩ ) (56, 58) and neurotransmitters like ␥-aminobutyric acid (GABA) (11) , glutamate (33) , dopamine (25) , and ATP (47) .
Previously, we have shown that adult mice lacking a functional GABA B receptor (GABA B1 KO) have metabolic alterations, including increased pancreas insulin content, altered glucose and insulin tolerance tests, and increased glucosestimulated insulin secretion (7) . Insulin resistance is more manifest in GABA B1 KO males, which present severely impaired insulin-stimulated Akt phosphorylation (9) . We have also demonstrated that acute or chronic administration of GABA B agonists or antagonists alters glucose homeostasis in BALB/C mice (8) .
GABA is the main inhibitory transmitter in the vertebrate central nervous system (CNS). Interestingly, pancreatic ␤-cells contain the highest amounts of GABA observed peripherally, reaching levels comparable with those observed in the CNS (26) . Furthermore, ␤-cells express glutamic acid decarboxylase (GAD), which catalyses the synthesis of GABA (30, 40) . It should be noted that local GABA may not originate only from endocrine synthesis, as GABAergic neurons are closely associated and even penetrate the islet mantle (61, 65) . Both GABA A and GABA B receptors have been described in pancreatic islets (14, 57) . GABA released from ␤-cells has been shown to exert paracrine/autocrine effects on islet endocrine cells. GABA inhibits glucagon secretion from ␣-cells by acting on GABA A receptors (57, 70, 73) . The effects of GABA on somatostatin release remain controversial. Whereas some authors have proposed that GABA is not involved in somatostatin release (29, 57) , others have proposed that GABA inhibits somatostatin secretion through GABA A receptors in superfused rat pancreas (55) . Recent studies suggest that GABA, through GABA A receptors, may stimulate somatostatin release in human islets (11) , suggesting species variability.
Regarding the autocrine effects of GABA on ␤-cells, we (7, 8) as well as others (12, 14) have described baclofen, a GABA B receptor agonist, to have suppressive effects on insulin secretion by acting on its cognate receptors in both isolated mouse/rat islets and MIN6 cells under high-glucose conditions. Recently, Taneera et al. (66) demonstrated that a GABA B antagonist was able to increase high-glucose-stimulated insulin secretion in both type 2 diabetic and normal human islets. In contrast, others have reported an increase in insulin secretion after GABA B receptor stimulation in rat islets, although the experiment conditions differed (45) . GABA B receptors were shown to be expressed exclusively in ␤-cells in mice (14) , whereas the presence of GABA B receptor subunits was described in rat ␣-and ␤-cells (12) , again suggesting that species differences may exist. Although it was reported previously that ␤-cells did not express GABA A receptors (57), these have been described recently in mouse (64) , human (11) , and rat ␤-cells (21) . GABA was also found to mediate depolarizing effects and stimulate insulin secretion at low glucose concentrations via GABA A receptors in human and mouse ␤-cells. (11, 64) .
In addition to its complex effects on islet hormone secretion, GABA has been reported to have other functions within the islet. GABA can serve as an energy source within the ␤-cell (65) . It can also serve as a marker of ␤-cell metabolic state (72) or viability (68) . In this line, Ligon et al. (45) demonstrated that GABA suppresses apoptosis and acts as a mitogen in ␤-cells by acting on GABA B receptors, suggesting that it may play a critical role in islet cell viability and function. Soltani et al. (64) reported similar effects of GABA by acting on GABA A receptors in ␤-cells. These depolarizing effects inducing proliferation and inhibiting apoptosis have also been described to be the effect of GABA on embryonic stem cells (63) . Furthermore, early in development, GABA has proliferating and differentiating effects in neural progenitors by stimulating both GABA A and GABA B receptors (24, 49) . This promotion of neuronal differentiation by GABA B receptors is very interesting given that these receptors have been described to alter gene transcription (28, 34, 71) , and islet progenitors share various transcription factors with their neuronal counterparts, such as nestin, neurogenin 3, NeuroD, and the Nkx family (54). The impact of this possible interaction on islet development remains to be established.
Here, we have evaluated whether the lack of functional GABA B receptors alters islet development and gene transcription in a descriptive, comparative study between neonatal and adult mice, male and female GABA B1 KO mice, and their wild-type (WT) littermates.
MATERIALS AND METHODS

Animals
GABAB1KO generated in the BALB/C inbred strain (62) were obtained by intercrossing heterozygous animals, and the day of birth was recorded. Mice were genotyped by PCR analysis, as described previously (15) . All animals were housed in groups and maintained at 22°C on a 12:12-h light-dark cycle with free access to laboratory chow and tap water. All studies were performed according to the protocols for animal use approved by the Institutional Animal Care and Use Committee (IBYME-CONICET), which follows National Institutional of Health guidelines. Postnatal day (PND)4 and adult (2-3 mo) female and male, WT, and GABA B1KO mice were euthanized by decapitation in the morning (9 -11 AM) to collect pancreata and blood samples. For each experimental end point, animals were age-matched littermates, and body weight was recorded. PND4 was selected because it was the earliest date that we could genotype and identify mice before euthanization, so as not to euthanize the whole litter, as we use heterozygous animals to maintain the colony.
Basal Blood Glucose Titers
Blood glucose was measured by a One touch Ultra glucose meter (Lifescan) from tail blood in 2-h-fasted PND4 mice and overnightfasted adults.
Pancreas Insulin Content
Age-and sex-matched WT and GABA B1KO PND4 mice were euthanized in the morning, pancreata were weighed and homogenized, and insulin was extracted with acid-ethanol and measured by RIA, as described previously (7) . All samples were evaluated in the same RIA. The minimum detectable concentration was 21 ng, and the intra-assay coefficient of variation was 6.8%. Numbers of animals were six for males and five to 10 for females.
Serum Insulin Levels
Serum insulin was measured with a mouse insulin ELISA kit (Chrystal Chem, Chicago, IL).
Homeostasis model assessment of insulin resistance calculation. Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated with basal blood glucose and basal insulin measured after overnight fasting, as described previously: HOMA-IR ϭ fasting insulin (U/ml) ϫ fasting glucose (mmol/l)/22.5 (8) .
Serum and Pancreatic Glucagon Determination
Both serum glucagon and pancreatic tissue glucagon content (using the same acid-ethanol extraction methodology described above) from PND4 and adult WT and GABA B1KO mice were determined by RIA (Glucagon RIA Kit, GL-32K; Millipore, Billerica, MA), following the manufacturer's instructions.
Immunohistochemistry
After 24-h fixation in formalin, pancreata from PND4 and adult, WT, and GABA B1KO mice were dehydrated and embedded in paraffin, and three 5-mm-thick sections from different pancreas regions (head, body, and tail) were prepared and mounted on Super frost-plus slides (Fischer Scientific, Toronto, ON, Canada).
PCNA, Insulin, and Glucagon Triple Staining
PCNA. Tissues were blocked for 1 h with PBS-2% BSA supplemented with 5% horse serum and later incubated overnight (ON) with mouse anti-PCNA antibody (MAB424; Millipore) 1:60 at 4°C. Incubation with 1:100 secondary antibody (horse-biotinylated anti-mouse IgG, BA-2000; Vector Laboratories, Burlingame, CA) lasted for 1 h at room temperature (RT). Slides were then incubated with Vectastain ABC-AP kit (AK-5000; Vector Laboratories), and Vector Blue Substrate Kit (SK-5300; Vector Laboratories) was then used for staining.
Glucagon. After washing and blocking, slides were incubated with rabbit anti-glucagon antibody (SC-13091; Santa Cruz Biotechnology, Santa Cruz, CA) 1:300 ON at 4°C. After washing, they were incubated for 1 h at RT with 1:200 secondary antibody (goat-biotinylated anti-rabbit IgG, BA-1000; Vector Laboratories) and further incubated with Vectastain ABC Kit (PK-6100; Vector Laboratories) and 3,3=-diaminobenzidine (1718096; Boehringer Mannheim, Ingelheim, Germany).
Insulin. Once washed and blocked, the slides were incubated with guinea pig anti-insulin antibody (ab7842; Abcam, Cambridge, MA) 1:300 ON at 4°C. Incubation with 1:200 secondary antibody (goat biotinylated anti-guinea pig IgG, BA-7000; Vector Laboratories) lasted for 1 h at RT and was followed by Vectastain ABC-AP kit and Vector Red AP Kit (SK-5100; Vector Laboratories).
GAD65/67 Determination by IHC
To localize GAD65/67, tissues were blocked for 1 h with PBS-2% BSA supplemented with 5% goat serum and then incubated for 90 min with rabbit anti-GAD65/67 antibody (AB1511; Millipore) 1:1,000 at 4°C. After washing, they were incubated 1h at RT with 1:200 secondary antibody (goat biotinylated anti-rabbit IgG, BA-1000; Vector Laboratories). Slides were then incubated with Vectastain ABC Kit (PK-6100; Vector Laboratories) and 3,3=-diaminobenzidine (1718096; Boehringer Mannheim).
Morphometric Analysis
Three nonconsecutive pancreas sections (cut 50 m apart) from each animal were analyzed at magnification levels of ϫ40 and ϫ400.
Digital images were taken using a Nikon Eclipse 200 Photomicroscope and later analyzed with Nis Elements BR (version 2.3) imaging software (Laboratory Imaging, Prague, Czech Republic). For each section of pancreas, the following were determined: total area of pancreatic tissue, the number of islets and clusters, the area of each islet, area occupied by the ␣-(glucagon positive) or ␤-cells (insulin positive) within each islet, and the number of total and proliferating (PCNA positive) ␤-and ␣-cells. Islet area was converted to an effective diameter (i.e., the diameter of a perfect circle of equal area) when islet distribution was analyzed according to size (39) in PND4 mice. Islets were categorized arbitrarily according to the effective diameter: very small, 25-50 m (equivalent to a 500-to 2,000-m 2 area); small, 50 -75 m (2,000 -5,000 m); medium, 75-100 m (5,000 -8,000 m 2 ); and large, Ͼ100 m (Ͼ8,000 m 2 ). Endocrine cell clusters containing at least two cells of 0 -25 m in diameter (equivalent to 0 -500 m 2 ) were analyzed separately (50) . Mean islet and cluster numbers were expressed per squared centimeter of total pancreatic area.
Islet Isolation
Pancreatic islets were isolated from 2-to 3-mo-old male and female WT and GABAB1KO mice, as described previously (7) . Briefly, 3 ml of collagenase IV solution (0.6 mg/ml, C5138; Sigma-Aldrich, St. Louis, MO) was injected into the pancreas via the pancreatic duct, with the pancreatic tissue then being gently removed for its further digestion in collagenase IV solution for 12 min at 37°C. The digestion was stopped by 40 ml of ice-cold RPMI 1640 (31800022; Gibco, Carlsbad, CA) supplemented with 10% FBS. Islets were then handpicked under a dissecting microscope into fresh RPMI-10% FBS and later handpicked for a second time and homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA) for further RNA extraction.
In the case of PND4 mice, following euthanization, pancreata were quickly removed and placed directly in TRIzol reagent and homogenized.
RNA Isolation and Gene Expression Assays
Total RNA was isolated from TRIzol homogenates according to the manufacturer's protocol and kept at Ϫ70°C until use; 0.5 and 5 g of RNA, extracted from adult and PND4 tissue, respectively, were reversetranscribed in a 20-l reaction using Moloney murine leukemia virus reverse transcriptase (Epicentre, Madison, WI) and oligo(dT) 15 primers (Biodynamics, Buenos Aires, Argentina). The reverse transcriptase was omitted in control reactions, where the eventual absence of an amplification product indicated the isolation of RNA free from genomic DNA.
For quantitative real-time PCR, primer sets were designed for the specific amplification of the following murine genes: preproinsulin 1 (Ins1), preproinsulin 2 (Ins2), proglucagon (Gcg), pancreatic polypeptide (Ppy), somatostatin (Sst), pancreatic and duodenal homeobox 1 (Pdx1), nestin (Nes), GAD67 (Gad1), and cyclophilin B (Ppib) as the housekeeping control gene (Table 1) .
Target cDNA quantification was performed by kinetic PCR in a total volume of 10 l, using 5 ϫ HOT FIREPol EvaGreen quantitative PCR (qPCR) Mix Plus (Solis BioDyne, Tartu, Estonia) according to the manufacturer's protocol, with an additional annealing step (see Table 1 for details). Amplification was carried out in an ABI 7500 Sequence Detection System (Applied Biosystems, Carlsbad, CA). Results were validated on the basis of the quality of dissociation curves, and the product purity was confirmed by 2.3% agarose gel electrophoresis. Each sample was analyzed in duplicate along with nontemplate controls to monitor nucleic acid contamination.
Quantitative differences in the cDNA target between samples were determined as described previously (16) using the mathematical model of Pfaffl (20, 52) ; n ϭ 5-6.
Statistics
Data are presented as means Ϯ SE. The differences between means of more than two groups were analyzed by one-, two-, or three-way ANOVA, followed by the Tukey honestly significantly different test for unequal N. Percentages were subjected to arc sine transformation before statistical analysis to convert them from a binomial to a normal distribution. In all cases, P Ͻ 0.05 was considered significant. Table 2 shows several parameters related to glucose homeostasis regulation in PND4 mice. Body weight and pancreas weight were similar in both sexes and genotypes. Blood glucose after a 2-h separation from the dams did not differ among PND4 pups from the different experimental groups. In GABA B1 KO mice, insulin serum levels, the insulin resistance parameter HOMA-IR, and glucagon serum levels and content did not differ from WTs. In contrast, insulin content relative to pancreas weight was increased significantly in PND4 GABA B1 KO females (P Ͻ 0.02) with respect to the other groups.
RESULTS
Body Weight, Pancreatic Weight, and Glucose Homeostasis in Male and Female, WT, and GABA B1 KO PND4 Mice
In adults, pancreas weight did not differ among groups in each sex (Table 3) . Insulin content was increased significantly in GABA B1 KO male and female adult mice; previously, we had reported a significant increase only in males (7) . No differences were observed in glucagon content at either age or sex (Table 3) .
In addition to the results shown here, we have described previously that adult body weights showed no significant genotype differences for either sex (15) , similar to PND4 mice. Moreover, fasted blood glucose did not differ between genotypes in adults, but fasted insulin levels were increased in adult GABA B1 KO males (7), suggesting insulin resistance in this sex. However, the insulin tolerance test showed increased insulin resistance in both sexes in adult GABA B1 KO mice, with insulin signaling being affected in males but not in females (9) .
These data demonstrate that although GABA B1 KO mice show insulin resistance to different degrees as adults, depending on sex, it is only neonate females that show alterations in basic parameters involved in glucose homeostasis regulation, namely increased pancreas insulin content, suggesting that acquisition of insulin resistance will take place later during development.
Morphometric Analysis of Pancreata from Male and Female, PND4 and Adult, WT, and GABA B1 KO Mice
All parameters described below were calculated from the immunohistochemical analysis of pancreas sections stained against insulin (red), glucagon (brown), and PCNA (blue) (Fig. 1) . Figure  1A shows the representative triple staining of a PND4 pancreas slice. PCNA-positive cells (blue) were observed in the duct, islet, and exocrine compartment (Fig. 1A, arrowheads) . Insulin-(red) and glucagon-positive cells (brown) were localized in islets and also in the duct (arrows), demonstrating the differentiation process originating in the ducts, as described previously (10) . Figure 1B shows the triple staining of a representative adult pancreas section; at this age, scarce insulin or glucagon staining was observed in ducts.
We first analyzed the proportion of islets and endocrine cell clusters [Ͻ500 m in diameter (50) ] in all groups and ages (Table 4 ). Islet and cluster distribution depended on sex and genotype and on sex and age (3-way ANOVA; triple interaction: sex, genotype, and age, not significant; double interactions: sex and genotype, P Ͻ 0.007; sex and age: P Ͻ 0.006). WT females had significantly fewer clusters and more islets than WT males (P Ͻ 0.001) and GABA B1 KO females (P Ͻ 0.001), regardless of age, marking a sex difference (with regard to WT males) and a genotype difference (with regard to GABA B1 KO females). In addition, adult mice had significantly fewer clusters and more islets than PND4 pups (females, P Ͻ 0.001; males, P Ͻ 0.05), regardless of genotype or sex, as expected (10, 19) . In agreement with these results, cluster area/pancreas area decreased drastically in adult mice [cluster area/pancreas area (%); PND4: GABA B1 KO males 0.195 Ϯ 0.038 (n ϭ 4), WT males 0.277 Ϯ 0.062 (n ϭ 4), GABA B1 KO females 0.287 Ϯ 0.037 (n ϭ 4), WT females 0.205 Ϯ 0.035 (n ϭ 4); vs. adults: GABA B1 KO males 0.009 Ϯ 0.001 (n ϭ 4), WT males 0.011 Ϯ 0.002 (n ϭ 4), GABA B1 KO females 0.005 Ϯ 0.001 (n ϭ 5), WT females 0.004 Ϯ 0.002 (n ϭ 5); 3-way ANOVA: triple interaction (age, sex, and genotype), not significant; factor age: P Ͻ 0.0001, 2-way ANOVA (sex and genotype): P Ͻ 0.04, cluster area in WT females significantly smaller than in WT males, P Ͻ 0.01].
Therefore, the only difference due to genotype was the increased relative number of clusters observed in GABA B1 KO females at both ages studied compared with their WT controls.
The analysis of the proportion of proliferation within ␤-cells in clusters and islets demonstrated that it depended primarily on age, with less proliferation in clusters and more proliferation in islets of adults compared with PND4 mice (3-way ANOVA, triple interaction: sex, genotype, and age, not significant; age: P Ͻ 0.0001, adults significantly different from PND4 mice; double interaction: sex and genotype, P Ͻ 0.001; Table 3 ). In addition, ␤-cell proliferation also depended on sex and genotype; WT males showed significantly more ␤-cell proliferation in clusters and less in islets compared with WT females (P Ͻ 0.001) and GABA B1 KO males (P Ͻ 0.02) independent of the age of the animals.
Therefore, significant alterations in ␤-cell proliferation are observed only in GABA B1 KO male mice, at both ages, having decreased proliferation in clusters and increased proliferation in islets, suggesting a more mature phenotype.
We then analyzed the proportion of proliferating ␣-cells that corresponded to each compartment, clusters or islets (Table 4) . ␣-Cell proliferation depended on age and genotype (3-way ANOVA; triple interaction: sex, genotype, and age, not significant; double interaction: age and genotype, P Ͻ 0.001). Male and female WT PND4 mice showed significantly more ␣-cell proliferation in clusters and less in islets than GABA B1 KO PND4 mice (P Ͻ 0.02) and WT adults (P Ͻ 0.001). These data indicate that, in WT mice, ␣-cell proliferation from neogenesis (clusters) decreases with age, whereas it increases in islets, and that no such developmental pattern is observed in GABA B1 KO mice.
Thus, ␣-and ␤-cell proliferation was altered in GABA B1 KO mice compared with their WT littermates at both ages studied, indicating that this parameter is disturbed by lack of functional GABA B receptors.
Since the preceding results suggested important differences between the cluster and islet populations, these were then studied independently in both age groups.
PND4 mice. PND4 GABA B1 KO mice showed significantly altered parameters in endocrine clusters with regard to their WT littermates (Fig. 2) . In GABA B1 KO females the mean cluster area was reduced (P Ͻ 0.03; Fig. 2A ), whereas the mean cluster number was increased (P Ͻ 0.04; Fig. 2B ). Mean cluster area showed a nearly significant sex difference in PND4 WT mice (females Ͼ males, P ϭ 0.065), which was the opposite in GABA B1 KO mice (males Ͼ females, P Ͻ 0.02), marking a clear genotype difference. In addition, GABA B1 KO females showed a significant decrease in ␣-cell area/cluster area (Fig. 2C) , with a concomitant increase in ␤-cell area/ cluster area (P Ͻ 0.001 for both; Fig. 2D ). This was not due to ␤-cell hypertrophy or ␣-cell hypotrophy, since we determined that the size of individual ␤-or ␣-cells showed no differences among groups (data not shown). No significant genotype differences were observed in these parameters in males at this age.
When analyzing proliferating cells in endocrine cell clusters (percentage of proliferating ␣-or ␤-cells in clusters relative to total ␣-or ␤-cells within clusters), a decrease in PCNApositive ␤-cells (Fig. 2E) and PCNA-positive ␣-cells (Fig. 2F ) was observed in male and female GABA B1 KO mice relative to WT controls, indicating a decrease in proliferation in clusters of both major cell types at this age in GABA B1 KO mice. Values are means Ϯ SE; n ϭ 4 -5. WT, wild type. No. of aggregates and islets: 3-way ANOVA; triple interaction, sex, genotype, and age not significant; double interactions: sex and genotype, P Ͻ 0.006; sex and age, P Ͻ 0.007. a WT females significantly different from WT males (P Ͻ 0.001), GABAB1KO females (P Ͻ 0.001), and GABAB1KO males (P Ͻ 0.001).
b Adult females significantly different from PND4 females (P Ͻ 0.001), adult males (P Ͻ 0.001), and PND4 males (P Ͻ 0.001).
c PND4 males significantly different from adult males (P Ͻ 0.05) and females (P Ͻ 0.001). ␣-Cell proliferation: 3-way ANOVA; triple interaction, sex, genotype and age not significant; double interaction: age and genotype, P Ͻ 0.001.
d WT PND4 significantly different from GABAB1KO PND4 (P Ͻ 0.02), WT adults (P Ͻ 0.001), and GABAB1KO adults (P Ͻ 0.001). ␤-Cell proliferation: 3-way ANOVA; triple interaction: sex, genotype, and age not significant; double interaction: sex and genotype, P Ͻ 0.001.
e WT males significantly different from WT females (P Ͻ 0.001) and GABAB1KO males (P Ͻ 0.02). f Adults significantly different from PND4 (P Ͻ 0.0001).
At PND4, islet number per pancreas section was increased in females of both genotypes ϳ50% with respect to males (P Ͻ 0.001), whereas mean islet area was not different, regardless of sex or genotype (data not shown). Islet distribution according to size was similar in all groups (60% of very small islets decreasing to 5% of large islets), as were ␣-cell area/islet area and ␤-cell area/islet area. No differences in cell proliferation were observed in GABA B1 KO islets when calculated relative to total ␣-or ␤-cells in islets (data not shown).
Therefore, all differences due to genotype were observed in the cluster population at PND4, showing an increase in cluster number and cluster ␤-cell area in GABA B1 KO females and a decrease in ␣-and ␤-cell proliferation in both sexes.
Adult mice. As stated above, the number of endocrine cell clusters per pancreas section was strikingly less abundant in adult than in neonatal mice, ranging from 20 to 50 vs. 1,000 to 2,000 clusters/cm 2 , respectively, due to decreased neogenesis and exocrine expansion. Endocrine cell clusters in adult mice showed significant sex and genotype differences (Fig. 3) . Mean cluster area and cluster ␣-cell area were larger in females (Fig. 3, A and C) , whereas cluster number per pancreas section and ␤-cell area were elevated in males (Fig. 3, B and D) , without differences due to genotype. In contrast, proliferating ␣-cells were increased in clusters from GABA B1 KO mice of both sexes (Fig. 3E ). An increased percentage of ␤-cell proliferation was observed in GABA B1 KO female clusters with respect to GABA B1 KO males and to WT females (Fig. 3F) .
In all adult groups, islet number per pancreas area decreased abruptly with age due to the expansion of the exocrine cell mass (35) , and mean islet area increased with age, as described previously (51) . Neither mean islet area nor mean islet number varied between sexes or genotypes in adult mice (not shown). The percentage of ␤-cell area per islet area in adults was ϳ80%, as described previously for mice (13) , but significant genotype differences were observed. Insulin positive area per islet area was increased significantly (ϳ10%) in male and female GABA B1 KO mice [insulin positive area/islet area (%): GABA B1 KO males 82.4 Ϯ 1.1 (n ϭ 4), WT males 76.2 Ϯ 2.4 (n ϭ 4), GABA B1 KO females 80.3 Ϯ 1.0 (n ϭ 5), WT females 72.2 Ϯ 3.9 (n ϭ 4); 2-way ANOVA, interaction, not significant, main factor genotype, P Ͻ 0.01]. A consequent decrease in ␣-cell area (ϳ25%) was also observed [glucagon positive area/islet area (%): GABA B1 KO males 17.6 Ϯ 1.1 (n ϭ 4), WT males 23.8 Ϯ 2.4 (n ϭ 4), GABA B1 KO females 19.7 Ϯ 1.0 (n ϭ 5), WT females 27.8 Ϯ 3.9 (n ϭ 4); 2-way ANOVA, interaction, not significant, main factor genotype, P Ͻ 0.01]. No differences in cell proliferation were observed in adult islets.
Our results demonstrate that in adult GABA B1 KO an increased proliferation is observed in clusters, possibly indicating increased islet neogenesis at this stage of life. Moreover, an increase in ␤-cell area at the expense of ␣-cell area is observed in islets, a characteristic that was observed in clusters, but not in islets, in GABA B1 KO females at PND4. The mean glucagon-positive area (i.e., ␣-cell area; C) and insulin-positive area (i.e., ␤-cell area; D) per cluster were also calculated. After all PCNAϩ cells were scored, the mean no. of proliferating ␣-(E) and ␤-cells (F) per cluster was calculated. All data points represent the mean Ϯ SE of 4 independent samples. §Two-way ANOVA; double interaction, sex and genotype, P Ͻ 0.01; GABAB1KO (adult mice lacking functional GABAB receptors) females vs. all groups, P Ͻ 0.05. &Two-way ANOVA; double interaction, sex and genotype, P Ͻ 0.02; GABAB1KO females vs. wild-type (WT) females, P Ͻ 0.04. *Two-way ANOVA; interaction not significant; main effect genotype, P Ͻ 0.05.
Islet Hormones and Transcription Factor mRNA Expression in Pancreata from PND4 and Islets from Adult GABA B1 KO and WT Mice
In PND4 mice, Ins1 and Gcg showed no sex or genotype differences (Fig. 4, A and C, respectively) . In contrast, Ins2 mRNA expression was reduced significantly in GABA B1 KO mice of both sexes (Fig. 4B) . Sst mRNA showed sex-(males Ͼ females) and genotype-significant (WT Ͼ GABA B1 KO) differences (Fig. 4D) . Ppy mRNA expression was reduced in male and female GABA B1 KO mice compared with their WT controls (Fig. 4E) . Regarding the transcription factors, neither Nes nor Pdx1 mRNA expression differed between sexes or genotypes (Fig. 4, F and G, respectively) .
In adult mice, Ins1 and Ins2 expression was increased in islets from GABA B1 KO females, the former being significantly higher in GABA B1 KO than WT females and the latter being significantly higher in GABA B1 KO than WT females and GABA B1 KO males (Fig. 5, A and B, respectively) ; Ins1 also showed a tendency toward a sex difference in GABA B1 KO mice that did not attain statistical significance. Gcg mRNA levels were increased in females with regard to males without genotype differences (Fig. 5C ). Sst mRNA expression was increased in GABA B1 KO females with regard to WT females and GABA B1 KO males (Fig. 5D) . On the other hand, Ppy mRNA levels of expression were similar among groups (Fig.  5E) . Regarding transcription factor expression, Pdx1 levels were found to be significantly higher in GABA B1 KO mice of both sexes (Fig. 5F ), whereas Nes expression could not be determined. This may be due to the fact that nestin is expressed only during early development (74) or after islet damage (4, 36, 74) . In addition, in adults, nestin-positive cells are found mainly in ductal and acinar cells (59, 69, 75) , which would be scarce in our islet-rich samples.
qPCR results demonstrate that lack of functional GABA B receptors affects mRNA expression of both hormones (Ins1, Ins2, Ppy, and Sst) and transcription factors (Pdx1) in a sexand age-specific manner.
Gad1 mRNA and GAD65/67 Protein Expression in Pancreata from PND4 and Adult GABA B1 KO and WT Mice
We could not detect either Gad1 mRNA (by qPCR in total pancreas) or GAD65/67 protein (by immunohistochemistry) in PND4 pancreata with the methods employed.
In adult WT islets, Gad1 mRNA expression showed a clear sex difference; it was increased in males with regard to females. Conversely, in GABA B1 KO mice, Gad1 mRNA expression was increased significantly in females compared with males (2-way ANOVA, factors sex and genotype, interaction, P Ͻ 0.001; Fig. 6A ), marking an inversion in the sex-specific expression of the transcript for this enzyme. mRNA levels were 3.2-fold more abundant in WT than in GABA B1 KO males and 3.5-fold more abundant in GABA B1 KO than in WT females. Fig. 3 . Morphometric analysis of adult clusters. After all endocrine cell clusters were microphotographed, their average size (A) and no./pancreas area (B) were calculated. The mean glucagon-positive area (C) and insulin-positive area (D) per cluster were also calculated. After all PCNAϩ cells were scored, the mean no. of proliferating ␣-(E) and ␤-cells (F) per aggregate was calculated. All data points represent the mean Ϯ SE of 4 -5 independent samples. #Two-way ANOVA; interaction not significant, main effect sex, P Ͻ 0.02. *Two-way ANOVA; interaction not significant, main effect genotype, P Ͻ 0.05. §Two-way ANOVA; double interaction, sex and genotype, P Ͻ 0.0006; GABAB1KO females vs. WT females and GABAB1KO males, P Ͻ 0.02.
Representative microphotographs of GAD65/67 IHC are shown in Fig. 6 , B (an islet from a WT female) and C (an islet from a GABA B1 KO female). GAD65/67 was expressed mainly in the islet core, suggesting that it was present in ␤-cells, as reported previously. Average islet area that expressed GAD65/67 was increased in males with regard to females and in GABA B1 KOs with regard to WTs (2-way ANOVA, factors sex and genotype, interaction, not significant, main effect sex, P Ͻ 0.02; main effect genotype, P Ͻ 0.04; Fig. 6D) .
Results on GAD expression indicate that at least in adult GABA B1 KO mice both gene transcription and protein expression are altered, indicating that this enzyme may be under GABA B receptor regulation, as we have also demonstrated in the hypothalamus (16) .
DISCUSSION
Previously, we have described that the lack of functional GABA B receptors induced dysfunction of the endocrine pancreas and insulin resistance in adult mice (7, 9) . Here, we performed a comparative study between GABA B1 KO and WT neonate and adult mice to evaluate how the absence of Fig. 4 . Gene expression quantification in PND4 mouse pancreas. Total pancreas RNA extracts were analyzed via real-time RT-PCR for the relevant genes: insulin 1 (Ins1; A), insulin 2 (Ins2; B), glucagon (Gcg; C), somatostatin (Sst; D), pancreatic polypeptide (Ppy; E), pancreatic and duodenal homeobox 1 (Pdx1; F), and nestin (Nes; G). Results were normalized against cyclophilin B (Ppib) as the housekeeping gene and are expressed as fold changes relative to a random male WT mouse. All data points represent the mean Ϯ SE of 5-7 independent samples. *Two-way ANOVA; interaction not significant, main effect genotype, P Ͻ 0.03. #Two-way ANOVA; interaction not significant, main effect sex, P Ͻ 0.005. these receptors may impact islet development and gene expression.
In PND4 GABA B1 KO mice, no evident alterations in glucose homeostatic parameters were observed; only pancreas insulin content was increased in GABA B1 KO females, similar to what is observed in both sexes in GABA B1 KO adults. These results indicate that it is only later in life that a phenotype prone to insulin resistance arises (7, 9) . Nevertheless, several pancreas morphometric parameters were already altered at this early stage of development in GABA B1 KO mice, specifically in the cluster population. In female PND4 GABA B1 KO mice, we observed a significant increase in cluster number, a decrease in cluster area, and an increase in cluster ␤-cell area. This increase in ␤-cell area in clusters may contribute to the elevated pancreatic insulin content observed in GABA B1 KO PND4 females, although cluster ␤-cells account for only ϳ7% of total ␤-cell area at this age. Intriguingly, ␣-and ␤-cell proliferation was decreased in PND4 clusters in GABA B1 KO mice of both sexes, which may indicate that this process is not the cause of increased cluster number in GABA B1 KO PND4 females or that a wave of increased proliferation may have occurred earlier in development. In addition, the increase in clusters may reflect differentiation of progenitor cells or neogenesis from the duct that normally occurs until PND7 (10) . In contrast to clusters, no genotype differences were observed in the islet population at PND4, implying that the neogenesis process may be affected mainly by lack of GABA B receptors at this age.
The fact that the lack of functional GABA B receptors should have an effect mainly in females at this early postnatal age is not surprising, since we have previously demonstrated a clear sex difference in GABA B receptor expression (females Ͼ males) neonatally in the pituitary (6) and the hypothalamus (5) . In this regard, a differential developmental deficiency in the islets of female nonobese diabetic (NOD) mice has been proposed (18) , suggesting that females may be more sensitive to alterations in islet development originated by different inputs.
To determine whether critical transcription factors involved in pancreas/islet development were involved in the differences observed between WT and GABA B1 KO PND4 mice, we analyzed nestin expression, proposed as a marker for early pancreas progenitor cells, and Pdx1, a marker for early pancreas development at first (37) and of islet differentiation and maintenance later in life (1, 32) . Neither Nes nor Pdx1 mRNA expression was altered in GABA B1 KO neonates, suggesting that GABA B receptors are not involved in regulating the expression of these transcription factors at this age. In contrast, we found that Ins2, Ppy, and Sst were significantly inhibited in PND4 GABA B1 KO pancreata of both sexes, whereas Ins1 and Gcg mRNAs were not altered, demonstrating that GABA B Fig. 5 . Gene expression quantification in adult mouse pancreas. RNA was extracted from isolated pancreatic islets (following total pancreas digestion in collagenase solution) and later analyzed via real-time RT-PCR for the relevant genes: Ins1 (A), Ins2 (B), Gcg (C), Sst (D), Ppy (E), and Pdx1 (F). Results were normalized against Ppib and are expressed as fold changes relative to a random male WT mouse. All data points represent the mean Ϯ SE of 5-8 independent samples. §Two-way ANOVA; double interaction, sex and genotype, P Ͻ 0.05; GABAB1KO females vs. WT females, P Ͻ 0.05. &Two-way ANOVA; double interaction, sex and genotype, P Ͻ 0.02; GABAB1KO females vs. WT females and GABAB1KO males, P Ͻ 0.03. #Two-way ANOVA; interaction not significant, main effect sex, P Ͻ 0.0005. *Two-way ANOVA; interaction not significant, main effect genotype, P Ͻ 0.04. receptors participate in the regulation of the expression of specific genes encoding for pancreatic hormones at this age. Moreover, this observation suggests that GABA B receptors may be regulating a common effector/transcription factor involved in the differentiation/expression of these specific genes. In this regard, at least ␤-and ␦-cells are known to derive from the same precursor, different from ␣-cells (42) . It has been shown that Ins2 is more prevalent than Ins1 in mice at both the transcript and protein levels (2, 22, 44) ; therefore, a decrease in Ins2 transcription with an increase in insulin content in PND4 GABA B1 KO females is surprising, although regulation at posttranscriptional levels may occur. We also evaluated GAD expression in PND4 pancreas, since the absence of functional GABA B receptors may condition the expression of other components of the GABAergic system, and we had shown previously that Gad1 expression was altered in the hypothalamus of these transgenic mice (16) . Gad1 mRNA (qPCR), coding for GAD67, the main isoform found in mice islets (40, 53) , and GAD65/67 protein (IHC) expression could not be determined consistently in pancreata from neonate mice in either genotype, as opposed to adults. This is in agreement with the evidence found by Martignat et al. (46) that Gad1 expression increases with age in BALB/C mice. Even though Gad1 expression was detected early in development by this group, differences in methodology may account for this discrepancy. In contrast, Pleau et al. (53) found Gad1 mRNA expression to be stable from gestational day 18 to postnatal day 35 in C57BL/6 mice, suggesting that strain differences may also occur. Even if GAD is not expressed in islets at this age, GABA derived from GABAergic innervation may still act on local GABA B receptors (61, 65) .
In adult GABA B1 KO mice, in addition to the insulin resistance syndrome, as we have reported previously (7, 9) , the morphometric analysis also demonstrated changes with regard to WTs. In the cluster population of male and female GABA B1 KOs, an increase in ␣-cell proliferation was found. Furthermore, in female GABA B1 KO clusters, an increase in ␤-cell proliferation was also determined. These results suggest that lack of functional GABA B receptors affects cluster cell proliferation in a different way along development, as proliferation was decreased in PND4, whereas it was increased in adult GABA B1 KO mice. In line with these results, several factors, including cyclin D2 and IRS-1, have been described to have differential effects on embryonic or adult ␤-cell replication (13) . In contrast, proliferation was not affected in adult GABA B1 KO islets. Interestingly, a 10% increase in ␤-cell area per islet was observed in adult GABA B1 KO mice, in agreement with the augmented pancreas insulin content. Although ␣-cell area per islet was decreased in GABA B1 KO mice, pancreas glucagon content was not altered. Although ␤-cell area and insulin content were increased in both sexes in adult GABA B1 KO mice, it is not surprising that males develop a more severe insulin resistance with increased insulin secretion and impaired insulin-induced Akt phosphorylation (7, 9) , taking into account the known deleterious effects of androgens on this condition (23) and/or the more recently proposed beneficial effects of estrogens (48) .
Regarding hormones and transcription factors, Ins1, Ins2, and Sst were increased significantly in adult GABA B1 KO females, whereas Gcg and Ppy were not altered by genotype. Moreover, Pdx1, expressed mainly in adult ␤-cells, was in- Fig. 6 . A: glutamic acid decarboxylase (GAD)67 mRNA expression in adult, WT, and GABAB1KO islets. RNA was extracted from isolated pancreatic islets and analyzed via real-time RT-PCR for the Gad1 gene. Results were normalized against Ppib and are expressed as fold changes relative to a random male WT mouse. All data points represent the mean Ϯ SE of 4 -7 independent samples. B and C: representative microphotogaphs from WT female (B) and GABAB1KO (C) female islets. Magnification: ϫ400. D: GAD65/67 quantification by immunohistochemistry in adult WT and GABAB1KO pancreata. Pancreas slices were immunostained against both GAD protein isoforms and later analyzed with imaging software. All data points represent the mean Ϯ SE of 4 -5 independent samples. § and &Two-way ANOVA; double interaction, sex and genotype, P Ͻ 0.0001; GABAB1KO males vs. WT males and GABAB1KO females, P Ͻ 0.01 ( §); WT females vs. GABAB1KO females, P Ͻ 0.001 (&). #Two-way ANOVA; interaction not significant, main effect sex, P Ͻ 0.02. *Two-way ANOVA, interaction not significant, main effect genotype, P Ͻ 0.04. creased significantly in GABA B1 KO islets of both sexes, albeit much more so in females than in males, showing an age-related influence of GABA B receptors on Pdx1 expression, as it was not altered in GABA B1 KO neonates. Increased Pdx1 levels could explain increased Sst, Ins1, and Ins2 in GABA B1 KO females, as it has been established previously that PDX1 is one of the factors involved in stimulating insulin and somatostatin expression (17, 43) , although no such increase was observed in males. Similar to their effect on proliferation, GABA B receptors seem to have opposing effects on Ins2 and Sst expression along development. These genes were downregulated at PND4 but upregulated in adult GABA B1 KO females, once again suggesting that males may be less affected, although they show more severe insulin resistance as adults.
In adults, Gad1 mRNA expression was sexually dimorphic in WT islets (males Ͼ females), whereas this pattern was inverted in GABA B1 KO mice (females Ͼ males). This same inversion of sexually dimorphic expression of Gad1 was also observed in anterior hypothalami of adult GABA B1 KO mice (16) , suggesting that GABA B receptors are regulating the expression of this enzyme in a similar way in both tissues. Although Gad1 expression was increased in GABA B1 KO females and decreased in GABA B1 KO males, the GAD65/67-positive area was increased in both male and female GABA B1 KO islets. This discrepancy between genetic expression and protein levels may be due to the antibody recognizing both GAD65 and GAD67 isoforms, although we only evaluated Gad1 expression. An increase in GAD protein-positive area would probably imply an increased number of cells synthesizing GABA in the islets, which, in addition to its effects on islet hormone secretion, can also modify proliferation, viability, and apoptosis (45, 64, 67, 68) . In this way, the moderate increase in GAD in GABA B1 KO mice could help explain the increased ␣-and ␤-cell proliferation observed in adults in the cluster population.
All of these data point to the cluster population as the one affected mainly by the lack of functional GABA B receptors in adult as well as neonatal mice, with the latter ones being the most affected. An increase in cluster number was described previously in young diabetes-prone BBdp rats together with an increase in cluster ␤-cell proliferation (38) . An increase in very small islets was also observed in 1-and 7-day-old NOD mice together with an increase in glucagon-positive cells, which was reminiscent of immature islets and suggested increased islet neogenesis (51) . Both BBdp rats and NOD mice share with GABA B1 KO mice the development of glucose intolerance later in life, although these last ones do not develop insulitis. The increased cluster number, cluster ␤-cell-to-␣-cell proportion, and decrease in proliferation at PND4 in GABA B1 KO mice may be evidence of early disturbances in islet development. Although this model is a global knockout, the effects observed are probably due to the lack of functional GABA B receptors in the islets, as we have demonstrated the impact of these receptors on islet physiology in vitro (7, 8) . Nevertheless, we cannot discard effects derived from the CNS, where GABA B receptors are abundant, since it is involved in the control of glucose homeostasis (31) .
In conclusion, these data demonstrate that in the absence of functional GABA B receptors, several islet parameters are altered in GABA B1 KO mice from neonatal to adult stages of development, further pinpointing the importance of these receptors in islet physiology. Some changes persist from early postnatal age to adulthood, as is the case of increased pancreas insulin content in GABA B1 KO females; in addition, an increase in ␤-cell area at the expense of ␣-cell area is observed in GABA B1 KO mice in clusters at PND4 and in islets in adults. Both of these characteristics could be the origin of the insulin resistance observed in young adults, especially males. Currently, we are evaluating glucose homeostasis in older GABA B1 KO mice, in accord with the higher prevalence of insulin resistance found in humans at more mature ages.
Other features are differentially regulated according to the age of the animals. Proliferation was decreased in clusters at PND4, whereas it was increased in adult GABA B1 KOs. Furthermore, Ins2 expression was reduced in PND4 GABA B1 KO mice but was upregulated in adult GABA B1 KO females, whereas Pdx1 mRNA levels were not modified in neonates but were increased in adult GABA B1 KOs. These developmental differences in the effects of GABA B receptors may respond to an ontogenic pattern of receptor expression, as we demonstrated happens in the hypothalamus and pituitary. In addition, the particular nature of the factors affected downstream of GABA B receptor stimulation, and in the absence thereof this phenotype appears, will be matter of further studies.
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